Inputs of nutrients (phosphorus, P, and nitrogen, N) to coastal and fresh waters can accelerate eutrophication, resulting in excessive aquatic plant growth, depletion of oxygen, and deleterious changes in abundance and diversity of organisms. Using long-term (,1995-2005) monitoring data from agriculturally-dominated watersheds in southern Ontario and Quebec, Canada, we developed and tested several approaches for setting targets for N and P. Our research showed that it is possible to set scientifically-credible targets for total P and total N to protect ecological condition of streams in agricultural landscapes, and define achievable targets attainable following adoption of beneficial management practices.
INTRODUCTION
Nutrients such as nitrogen (N) and phosphorus (P) are essential to crop yield and performance. However, excess addition of N and P can accelerate eutrophication of surface waters. Historically, efforts to reduce nutrient pollution focused on control of point sources. These actions combined with intensification of agriculture (greater use of chemical fertilizers, larger livestock operations with insufficient land base for manure application, increased irrigation, and cultivation of marginal land) resulted in diffuse pollution being a major source of nutrients to inland and coastal waters (Carpenter et al. 1998; Smith 2003) .
This paper: (1) reviews the effects of added nutrients on aquatic ecosystem condition and the role of agricultural activities in contributing to eutrophication of surface waters, and (2) evaluates approaches for setting targets for N and P that, if adopted, will lead to improvements in environmental condition of impaired waters within agricultural landscapes. doi: 10.2166/wst.2008.815 
EUTROPHICATION AND THE ROLE OF AGRICULTURE
Addition of nutrients to an aquatic or terrestrial ecosystem increases the biomass of plants and, ultimately, decreases the number of species. Although ecosystems managed for plant yield, such as agriculture and forestry, reap economic benefits from added nutrients, natural ecosystems generally suffer an undesirable change in plant and animal communities. Nutrient addition to surface waters can cause excessive aquatic plant growth (including blooms of harmful algae), loss of sensitive plant species, depletion of oxygen, and changes in abundance and diversity of aquatic invertebrates, fish and, possibly, birds and mammals dependant upon these habitats.
In addition, elevated concentrations of un-ionized ammonia, nitrate and nitrite may be toxic.
Diffuse pollution, in particular agricultural run-off is now recognized as a major source of N and P to many inland and coastal waters (e.g., Carpenter et al. 1998; European Environment Agency 2007) . A recent review of P loss from a range of European watersheds showed that for 16 catchments (254-10,797 km 2 ), the proportion of TP export attributable to major sources was 32% (range 23-36%) for agriculture, 25% (13-33%) for point sources and 22% (17-26%) for other diffuse sources, with another 22% (18-26%) retained in rivers and lakes (Kronvang et al. 2007) . This high proportion of P transfer from agriculture to water is likely due to the cumulative build-up of soil P during the latter half of the 20th century and increased area of intensively managed crops (Ulé n et al. 2007) . Similarly, ,90% of the N and P discharging to the Gulf of Mexico is estimated to come from non-point sources (notably agriculture), with ,50% of the annual TN flux to the Gulf derived from fertilizer plus mineralized soil organic N and another 15% from manure (Goolsby et al. 1999 ).
In the case of TP, ,31% of the flux to the Gulf originates from fertilizer with another 18% from manure. As a result of these and other such studies, considerable effort is now directed at reducing mobilization and transport of N and P from agricultural soils to surface and ground waters.
MANAGING N AND P TO PROTECT ECOLOGICAL CONDITION
Efforts to improve environmental condition of waters impaired by excessive agricultural nutrients have focused on reducing N and P loss from on-farm activities (e.g., correct management of chemical fertilizers and manure, improved animal husbandry systems and techniques, and nutrient interception by buffer strips) and assessing ecological condition of receiving waters (e.g., monitoring of water chemistry and effects on aquatic biota), with the two activities ideally operating concurrently so that the condition of receiving waters serves to inform on-farm activities.
Another management measure for improving environmental quality is adoption of environmental quality targets (e.g., guidelines, standards, objectives or benchmarks).
These targets are recommended levels that, for a given parameter, should result in negligible risk to biota (including humans), their functions, or any interactions integral to sustaining health of ecosystems and designated resource uses. Such targets can serve as benchmarks for assessing potential or actual impairment of a water course, evaluating non-point source control measures, and tracking progress in remediation of impaired waters.
Historically, development of targets to reduce water pollution focused on setting limits for pathogens and toxic chemicals. Such targets are based on toxicological endpoints determined from controlled laboratory experiments. In contrast to pathogens and toxic chemicals, a stressor such as excessive N or P can change the structure or function of ecosystems by affecting productivity, biodiversity, and species numbers. Because a non-toxic stressor does not directly cause death, identification of thresholds or boundaries associated with a deleterious change in environmental quality has been difficult.
APPROACHES FOR SETTING ENVIRONMENTAL PERFORMANCE TARGETS FOR N AND P TO PROTECT AQUATIC ECOLOGICAL CONDITION
In the past, environmental performance targets for N and P were often set using informal judgment-based determinations. Now, however, more scientific rigor is needed in setting of targets because of regulatory actions and public concerns that may result from not attaining targets. Various approaches have been explored for setting water quality targets, for example:
1. Reference condition approach (Reynoldson et al. 1997) , which determines the water quality potential for a geographic area either through current assessment of reference sites or analysis of historical data from sites that, at the time, would have been considered reference.
(Because few absolutely pristine sites exist, reference is generally taken to mean sites minimally impacted by human activity.) 2. Predictive modeling/correlation approach which links biological production, standing crop, or taxonomic composition to N or P concentrations, thereby allowing a nutrient target to be set that will protect a particular biological condition (Dodds 2000) . 4. Professional judgment.
Protection of downstream receiving waters.
Each of these approaches has, however, its own inherent problems, particularly when applied to agricultural landscapes. For example, reference sites are rare in most agricultural regions and any such sites that can be found are typically located in small watersheds because few large watersheds remain unaffected by human activity. Moreover, nutrient loading from reference sites in the same geographic area can vary by one to two orders of magnitude, due to local variations in runoff particularly in regions with moderate to high relief (Lewis et al. 1999; Smith et al. 2003) . Although development of predictive models that link biological attributes (e.g., algal abundance, benthic invertebrate composition) to nutrient concentrations allows selection of nutrient targets consistent with good ecological condition, such models often have low explanatory power, particularly in the case of streams (Dodds et al. 2002) .
Whilst adoption of a pre-determined percentile of the data can serve as a first step in setting an environment performance target for N or P, there is no consensus on what percentile best captures the range in natural variability (e.g., 80th percentile of all reference data ANZECC and ARMCANZ 2000; 25th and 75th percentiles of all and reference data, respectively USEPA 2000; 95th percentile of reference data Kilgour et al. 1998 ) and the approach can be biased by the number of impaired to reference stations.
Professional judgment takes advantage of local knowledge on hydrology, ecology and land use; however, the resulting target may not be objective and quantitative. Finally, targets may need to be considered that are overly restrictive for a stream or river but are necessary to protect a receiving water that is nutrient poor or subject to nutrient loading restrictions.
TESTING APPROACHES FOR SETTING N AND P TARGETS FOR CANADIAN AGRICULTURAL STREAMS
In agricultural landscapes, major challenges in setting of targets for N and P are that few if any waterbodies are undisturbed, or even minimally disturbed, and that management goals are often to restore good (or possibly fair) ecological condition, not necessarily the natural or unmodified condition. As part of a Government of Canada "National Agri-Environmental Standards Initiative", we developed targets for P and N to protect ecological condition of streams in agricultural regions of Canada (Chambers et al. 2008) . To make use of long-term water chemistry datasets (but little or no biological data), provisional targets for total P (TP) or total N (TN) were calculated using empirical methods, namely as a given percentile of the dataset or as a boundary in the relationship between TP or TN and percent agricultural land cover in a watershed. We then cross-calibrated these provisional chemical targets with information on biological condition (algal abundance) that these targets would protect. Finally, modeling was conducted to identify TN and TP concentrations that could be realized when optimal beneficial management practice (BMP) scenarios were applied to a specific agricultural watershed. 5. Regression-tree analysis (Breiman et al. 1984) , which identifies a change point in the response of a dependent variable (TN or TP) to an independent variable (cropland cover). The median value of TP or TN for all stations below the change point in percent total cropland cover is the calculated target.
Application of these six empirical approaches for setting targets resulted, not surprisingly, in TP and TN concentrations that differed amongst approaches (Table 1) 
Biological calibration of regional N and P targets
Cross-calibration of the empirically-derived chemical targets was undertaken to determine the biological condition (in this case, algal abundance) that these targets would protect. For sestonic and benthic chla, recommended upper limits to protect ecological condition (although still debatable) are available. We chose as ecologically-acceptable boundaries watershed attaining regional targets and the intensity of effort required to do so can be explored using a modeling approach that identifies P and N concentrations that could be realized when optimal beneficial management practice scenarios are applied.
CONCLUSIONS
Our research showed that it is possible to define scientifically-credible targets for P and N to protect ecological 
